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Objectives: To evaluate the effects o7l the aortic wail of balloon dilatation as utilised in deployment of stent-graft devices 
during endoluminaI repair of infrarenal abdominal aortic aneurysm. 
Methods: Large dilatation balloons were expanded within the aorta of 41 cadavers. Testing was done to evaluate the 
effect of differing degrees of balloon oversizing, at pressures in the range of 0.15-2.5 atm. The aorta was then opened for 
macroscopic inspection. 
Results: In group I (mild atherosclerosis) no macroscopic abnormalities were detected with up to 6 mm oversized balloon. 
In group 2 (moderate atherosclerosis) fracture of atherosclerotic plaque occurred in seven of 14 aortas (50%) with 
2.5 mm-4 mm oversized balloon. In group 3 (severe atherosclerosis) fracture of atherosclerotic plaque occurred in six of 
seven (85%) with 2.5 mm to 4 mm oversized balloon and rupture of the aorta occurred at 6 mm oversizing. 
Conclusions: This study suggests that balloon overdilatation of the aorta by 2 mm, at pressures less than 2 atmospheres, 
allows safe deployment even in the presence of severe atheroma. Larger amounts of overdilatation are relatively safe in 
mildly atherosclerotic aorta. Aortic rupture is unlikely with overdilatation up to 6 ram, especially in less calcified vessels. 
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Introduction 
The feasibility of endoluminal repair of abdominal 
aortic aneurysms has been adequately demonstrated 
during the last 5 years, with encouraging early follow- 
up. Stent-graft devices currently used for endoluminal 
exclusion procedures fall into two main groups (i) self- 
expanding 14and (ii) balloon expandable. 5-7The use of 
large balloon catheters for deployment of balloon- 
deployed devices, or for modelling self-expandable 
devices, however, has raised the possibility of aortic 
trauma. Cases of aortic rupture in the region of the 
proximal neck of the aneurysm have been reported 
during the deployment of both balloon-expandable 8'9 
and self expanding devices. 1°
The aim of this study was to evaluate the potential 
for aortic damage during endoluminal stent-graft de- 
ployment with particular eference to the problems 
posed by using an oversized balloon. The risk of using 
an oversized balloon must also take into consideration 
the difficulty of determining the true luminal diameter 
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of the aorta from aortography and computed tomo- 
graphy (CT). A discrepancy of 1-5 mm may be ob- 
served between these two modalities when aortic 
diameter ismeasured with a calibrated catheter, 11 with 
CT generally giving the larger estimate. 
The two parameters inducing tension in the arterial 
wall during balloon dilatation are inflation pressure 
and balloon diameter. While the inflation pressure is 
an easily controllable parameter, the diameter of the 
balloon catheter has to be chosen after determination 
of the lumen of the infrarenal aorta using CT and 
aortography, and the potential for error must be taken 
into account. 
The circumferential force in the wall of an artery is 
called hoop stress and may be approximated 
by Laplace's law where: Hoop Stress = 
pressure x diameter. The wall tension resulting from 
outward fluid pressure isproportional toboth pressure 
and diameter I2 and as a result a larger balloon has 
more dilating power. For example, the tension in the 
wall of an artery developed by a 20 mm balloon at 
2 atl'n is equivalent to the tension developed by a 5 mm 
balloon at 8 atm. Since rupture of the vessel may occur 
if the balloon is oversized, previous work was carried 
out to determine the true diameter of commercially 
available large angioplasty balloons; this demonstrated 
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Table 1. Calliper measurements of balloon diameter at different pressures compared to nomina~ diameter. 
Nominal diameter 1.0 arm 2.0 atm 2.5 atm 3.0 atm 4.0 atm 
18 mm 17.2 mm 17.4 mm 17.6 mm 17.8 mm 18.1 mm 
20 mm 18.1 mm 18.2 mm 18.6 mm 19.3 mm 19.7 mm 
18.1 mm 18.2 mm 18.6 mm 18.9 mm 19.3 mm 
23 mm 21.1 mm 21.4 mm 22.3 mm 22.6 mm 22.81Trm 
21.1 mm 21.2 mm 22.3 mm 22.6 mm 23.0 mm 
21.3 mm 21.5 mm 22.4 mm 22.8 mm 23.4 mm 
25 mm 22.1 mm 22.4 mm 23.1 mm 23.7 mm 24.3 m:m 
22.4 mm 22.6 mm 23.2 mm 23.5 mm 24.3 mm 
Pressure transducer 
Inflation syringe 
Balloon catheter 
Fig. 1. The balloon catheter is inflated with an inflation syringe 
connected toa pressure transducer. 
that the diameter of these balloons varied at different 
inflation pressures. 13
Materials 
Studies were carried out during 41 autopsies (27 male, 
14 female; age 18-93, mean 58.4). Time of death before 
autopsy was performed ranged from 4 to 56 h with a 
mean of 26 h. 
Large diameter Omega NV balloon dilatation cath- 
eters (William A. Cook Australia PTY. Ltd) with dia- 
meters ranging from 15-25 mm were used (the same 
balloon catheters have been used in our clinical practice 
of endoluminal repair of AAAg'11). The diameter of 
each balloon had been previously measured over the 
pressure range 1-4 atmospheres, o that the true dia- 
meter was known for the purpose of analysis (Table 
1). 
Balloons were inflated with water using an inflation 
syringe (Merit Medical Systems) connected to a pres- 
sure transducer (DPI 700, Druck Limited, + / - 0.15% 
F.S accuracy). The balloon catheter and the inflation 
syringe were connected to the pressure transducer by 
pressure tubing filled with water; measurements were 
made after removing all air bubbles from the tubing 
system (Fig. 1). 
Methods 
All organs were removed in one block from the tongue 
to the rectum according to the technique of Letulle. 14'15 
The excised monobloc was then positioned with the 
aorta lying superficially. All periaortic tissue was left 
intact apart from the lumbar arteries, which were 
divided. 
Minor dissection of the aorta was performed over 
a segment of 5 cm distal to the renal arteries. The 
adventitia was freed of all surrounding tissue, allowing 
accurate measurement of the aortic diameter. The ex- 
ternal diameter of the infrarenal aorta was measured 
by calliper measurement. Initial pilot studies showed 
that the true diameter of the lumen of the aorta at 
normal blood pressure was slightly larger than the 
external diameter, without blood pressure, in the ca- 
davre. 
Each specimen was tested by overdilatation with a 
single balloon, with measurements of the aortic dia- 
meter done at a series of inflation pressures up to 
2.5 atm, unless rupture of the aorta occurred before 
that point. A balloon catheter with balloon diameter 
in the range of 1-9 mm larger than the external aortic 
diameter was selected and was introduced into the 
abdominal aorta through the descending thoracic aorta 
after opening the aortic arch. The balloon catheter was 
therefore of a size calculated to provide overdilatation 
of the infrarenal segment and was positioned im- 
mediately below the level of the renal arteries. The 
aorta was initially expanded to physiological systolic 
pressure (0.15 atm or 110 mmHg) in order to calculate 
the external diameter of the aorta at normal blood 
pressure. In each specimen, these external meas- 
urements were made at a point 3 cm below the renal 
arteries using a Vernier calliper (Mitutoyo, Japan). 
Measurements of the external aortic diameter were 
next made at increasing increments of pressure within 
the balloon (0.15, 0.30, 0.60, 1, 1.5, 2 and 2.5 atm). 
Stabilised pressure measurements were made after 
60 s of inflation, with balloon positioning checked at 
each step of the inflation. 
After completion of measurements he aorta was 
opened from the aortic arch to the bifurcation. Macro- 
scopic aspects of the pathology of the aortic wall were 
classified into three groups according to the degree of 
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Table 2. Aortic measurements for group 1 (mild disease) showing balloon size used and amount of oversizing. 
Group 1 Mild disease 
Case number 13 21 19 41 32 30 14 28 25 1 9 3 2 4 
Balloon size (mm) 18.6 18.6 18.6 22.3 18.6 18.6 18.6 18.6 22.3 23.1 22.6 22.4 23.1 23.1 
Lumen size (mm) 16.7 15.9 15.7 19.4 15.5 15.1 14.7 14.5 16.9 18.0 16.0 15.7 16.0 14.9 
Oversizing (mm) 1.9 2.7 2.9 2.9 3.1 3.5 3.9 4.1 5.4 6.1 6.6 6.7 7.1 8.1 
Aortic diameter at 0.15atm 19.7 18.9 18.7 22.4 18.5 18.1 17.7 17.5 19.9 20.0 19.0 18.7 19.0 17.9 
Aortic diameter at 0.30atm 20.3 19.4 19.0 22.9 18.9 18.5 18.2 18.4 20.6 20.6 19.4 19.1 19.2 18.4 
Aortic diameter at 0.60arm 20.4 19.7 19.6 23.1 19.2 19.6 19.1 19.2 21.3 21.5 19.9 19.6 19.6 18.7 
Aortic diameter at 1.0atm 20.5 19.9 20.0 23.3 19.3 19.7 19.5 19.2 21.7 22.3 20.3 20.0 20.0 19.2 
Aortic diameter at 1.5atm 20.6 20.0 20.5 23.5 19.4 19.8 20.0 19.3 22.3 22.9 21.4 20.6 21.5 19.7 
Aortic diameter at 2.0atm 20.8 20.0 20.7 23.5 19.5 19.8 20.2 19.3 22.8 23.6 21.8 23.3 21.9 20.3 
Aortic diameter at 2.5atm 21.0 20.4 20.8 23.7 19.7 19.8 20.3 19.4 23.3 24.0 23.4 22.3 20.7 
Aortic diameter at 3.0 arm 24.5 24.3 
calcification and severity of atheroma s mild athero- 
sclerosis (<30%), moderate atherosclerosis (30-60%), 
and severe atherosclerosis (>60%). Damage was clas- 
sified as: (i) no macroscopic abnormalities, (ii) dis- 
section of the intima and the media, (iii) fracture of 
atherosclerotic plaque with intact adventitia, and (iv) 
rupture of the adventitia. These macroscopic findings 
were confirmed by histological examination after 
haematoxylin and eosin staining, elastin studies (Ver- 
hoeff Von Gieson staining) and Masson's Trichrome 
staining for collagen and muscle. 
The true diameter of the lumen of the treated aorta 
was calculated by subtracting the thickness of the 
aortic wall ( x 2) from the measurement of the external 
diameter of the infrarenal aorta at physiological pres- 
sure. The thickness of the aortic wall varied between 
1.5-3 mm depending on the degree of vascular dis- 
ease. 16 The precise amount of balloon overdilatation 
that had been applied was then calculated as the 
difference between true aortic lumen and balloon dia- 
meters. 
Results 
Results for the 41 cases were divided into three groups 
based upon the macroscopic degree of vascular dis- 
ease. The mean age increased from group 1 (40 years) 
to group 3 (71 years); this is explained by the fact that 
the severe atherosclerotic disease seen in group 3 
occurs more frequently in the aged. 
Group 1. (Mild atherosclerosis; 14cases, 11 male, three 
female; age range 18-65, mean 40). As shown in Table 
2, the infrarenal aorta was overdilated at 2.5 atm pres- 
sure by up to 5.4 mm without obvious vessel trauma. 
Dissection of the media started to occur in two cases 
after oversizing by more than 6 mm (6.1 and 6.6 mm). 
Rupture of the aorta occurred in three cases, at 2 atm 
and 6.7mm oversize, at 3atm and 7.1 mm oversize 
and at 3 atm with a 8.1 mm oversize. 
Group 2. (Moderate atherosclerosis; 18cases, nine male, 
nine female; age range 51-93, mean 66.5). In seven 
cases, with a range of balloon oversize from 
2.3-3.9 mm, there were no traumatic hanges noted in 
the aortic wall (Table 3). Fracture of atherosclerotic 
plaque occurred in seven cases, with a range of balloon 
oversize from 2.4-4.7mm. Rupture of the adventitia 
occurred in four cases, at 1.5 atm with a 6.7 m oversize, 
2.5 atm with a 7.1 mm oversize, 3 atm with a 7.1 atm 
oversize and 2.5 atm with a 8.5 mm oversize. 
Group 3. (Severe atherosclerosis; nine cases, seven male, 
two female; age range 63-87, mean 71). No obvious 
trauma was seen in two cases oversized by 1.5 mm 
and 2.5mm, but fracture of atherosclerotic plaque 
occurred in six cases with a range of oversize from 
2.5 mm to 4.3 mm and rupture of the aorta occurred 
at 2.5 atm with 6 mm oversize in one case (Table 4). 
The outcome of overdilatation for each case, ac- 
cording to the severity of mural disruption after bal- 
loon dilatation, is shown diagrammatically in Fig. 2. 
Discussion 
There are no studies to date which have considered 
the risk of using oversized balloon catheters in the 
aorta during deployment of an endoluminal stent- 
graft, but reports of aortic rupture during these pro- 
cedures suggest hat it is an important factor which 
should be taken into account. The aim of overdilation 
of the aorta in this study was therefore to provide 
guidance to the safety limits and risks of overdilating 
the aorta during balloon-deployed ndovascular g aft- 
ing, and to observe the effects of such overdilatation 
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Table 4. Aortic measurements for group 3 (severe disease) showing balloon size used and amount of oversizing. 
Group 3 Severe disease 
Case number 39 40 37 36 17 20 12 31 11 
Balloon size (mm) 18.6 17.6 18.6 18.6 18.6 18.6 23.1 21.1 22.1 
Lumen size (mm) 17.1 15.1 16.1 16.0 15.2 15.2 19.0 16.8 16.1 
Oversizing (ram) 1.5 2.5 2.5 2.6 3.4 3.4 4.1 4.3 6.0 
Aortic diameter at 0.15 atm 21.7 18.5 19.1 19.0 19.0 19.8 23.4 20.8 20.1 
Aortic diameter at 0.30 atm 21,9 18.7 19.2 19.5 19.6 20.4 24.2 21.0 20.2 
Aortic diameter at 0.60 atm 22,2 19.0 19.6 20.1 20.1 20.7 24.9 21.4 20.9 
Aortic diameter at 1.0 atm 22.5 19.3 20.0 20.3 20.8 21.0 25.3 21.8 23.5 
Aortic diameter at 1.5 atm 22.8 19.6 20.4 20.3 21.3 21.5 25.8 23.7 
Aortic diameter at 2.0 atm 23.0 19.9 20.4 20.4 21.4 21.8 26.0 
Aortic diameter at 2.5 atm 23.2 20.0 20.6 20.5 21.4 22.2 26.0 
Oversize (mm) 2 3 4 5 6 7 8 9 
Fig. 2. This graph summarises the macroscopic results of the three groups, graded from I to 3 based upon the degree of vascular disease. 
The outcome of overdilatation for each case were coded according to the severity of mural disruption after balloon dilatation. (O) No 
macroscopic abnormalities; (A) fracture of atherosclerotic plaque, adventitia intact; ([~) dissection of intima and media; (O) rupture of 
aorta. 
on the aort ic wall .  The size increments  of the aort ic 
wal l  when overd i la t ing  w i th  a large ba l loon  are re lated 
to pressure,  since the two parameters  induc ing  tens ion 
in the arter ia l  wa l l  dur ing  ba l loon d i la tat ion are in- 
f lat ion pressure  and  ba l loon  diameter.  
A major  p rob lem faced in the des ign  o f  this s tudy  
was  that the rest ing d iameter  of the aorta in the cadaver  
d id  not  necessar i ly  match  that in the l iv ing state due  
to poss ib i l i ty  of decreased iameter  w i thout  normal  
b lood  pressure.  We corrected for this by  measur ing  
the external  d iameter  of the aorta at phys io log ica l  
pressures,  and subtract ing the wal l  th ickness to der ive  
the lumina l  d iameter.  Direct cal l iper measurements  of
the lumen were  not  possible,  since the aorta could not  
be opened pr ior  to ba l loon  t reatment ,  and radio log ica l  
contrast  s tudy  was  cons idered  impract ica l  due to the 
post -mor tem d iameter  r duct ion  and the lack of ad-  
equate X-ray equ ipment  in the morgue  area. 
In this study,  advent i t ia l  rupture  occurred in all 
g roups  when the aort ic lumen was  overd i la ta ted  by  
more  than 6 mm.  Dur ing  dep loyment  of an endo-  
lumina l  graft it is undes i rab le  to fracture an athero-  
sclerotic p laque or create a d issect ion of the media.  
The a im is to obta in  secure device at tachment  w i th  
no endo leak  17 and  therefore a compromise  between 
at tachment  and over  d i la tat ion must  be found.  
This s tudy  c lear ly shows  that there is a progress ive ly  
reduced safety marg in  w i th  overd i la tat ion  and wi th  
increas ing arter ia l  d isease,  the r isk of atherosclerot ic  
p laque fracture be ing greater  when the infrarenal  aorta 
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is severely diseased. Using an inflation pressure of 
2.5 atm, the absolute limit of safe dep loyment  for 
bal loon oversiz ing was 2 mm in group 3 (severe athero- 
sclerosis) compared  to 3 mm in group 2 (moderate 
atherosclerosis) and 5 mm in group 1 (minor athero- 
sclerosis). Of particular importance was the fact that 
rupture occurred before generat ion of 2 atm where 
bal loon oversiz ing was greater than 6 mm in a heavi ly 
calcified aorta (Table 4). 
In the clinical setting, the presence of the endo- 
vascular graft between the bal loon and the aortic wall  
may  prov ide significant protect ion against he damage 
inflicted by the balloon. Nevertheless, it is common 
for part  of the bal loon to extend above or be low the 
margins of the stent-graft so that part  of the aortic 
wall  may  not be protected. In addition, any information 
regarding the dangers of bal loon inflation within the 
aorta stills bears some clinical relevance to the practice 
of adjunctive di latation within a stent-graft dur ing its 
deployment .  This study therefore stablishes a baseline 
against which the true protective influences of a stent 
outside the bal loon can be tested. This will be done 
in further experiments. 
The study was carried out on post -mortem speci- 
mens because human aortic medial  structure has 
unique propert ies when compared with other mam-  
mals. Wol insky et al. showed that the human ab- 
dominal  aorta has fewer lamellar units than wou ld  be 
predicted for its diameter than other species and the 
infrarenal aorta has fewer of these units than the rest 
of the aorta, is With only 28 lamellar units, human 
abdominal  aorta media had non-demonstrable  vasa 
vasorum despite this relatively great thickness. I9 The 
medial  thickness of the human aorta seems appropr iate 
for its diameter, but  its totally avascular media is 
thicker than that of the avascular zones of aorta of 
species with medial  vasa vasorum. This structural 
specificity p rompted  us to use human cadaveric aortas 
as our model ,  a l though we acknowledge that factors 
such as shrinkage due to the absence of b lood pressure, 
lack of muscle tone and autolytic changes should be 
taken into account when interpreting our results. 2° 
This s tudy has established some general guidelines 
applicable to the safety of inflation of large diameter 
bal loons dur ing the dep loyment  of endo!uminal  de- 
vices within the human aorta. Specifically it wou ld  
seem that overdi latat ion of the aorta by 2 mm at pres- 
sures under  2 atm allows safe dep loyment  even in the 
presence of severe atheroma, and that rupture of the 
aorta is unl ikely with overdi latat ion up to 6 mm,  espe- 
cially in less calcified vessels. 
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